ABSTRACT Field-effect mobility (μ FET ) of organic semiconductor films plays a key role in the performance of field-effect transistors (FETs). Numerical extraction of μ FET from organic FET characteristics is not only time-consuming due to patterning of source/drain electrodes, but also frequently unreliable because of the contact resistances (R C ) between source/drain electrodes and semiconductors. Here, we propose an approach to rapidly evaluate μ by a point-contact four-probes method (μ PFP ) for organic semiconductor films. Four tip-like probes quickly contact the semiconductor film surface directly, without deposition of the conventional source/drain electrodes, to simultaneously inject current and measure the electric potential. The charge density and thus conductance of the film is manipulated upon scanning gate voltage, from which the extraction of μ PFP , in good agreement with μ FET , could be realized in a few seconds. This method, with easily accessible setup and numerical model, substantially accelerates the evaluation of μ PFP , and thus could help screen materials and optimize film morphology for organic FETs applications.
I. INTRODUCTION
The field-effect mobility plays a key role in the performance of field-effect transistors (FETs) [1] - [6] , which is usually numerically extracted from FETs characteristics [7] - [9] . However, R C between source/drain electrodes and semiconductor layers, which may depend on gate voltage (V G ) [10] , greatly has influenced the performance of FETs, and frequently leads to either underestimation or overestimation of μ FET [11] - [17] . The influences of R C on mobility extraction can be largely eliminated by using four-probes method, which allows to gain a more comprehensive understanding about the intrinsic charge transport behavior.
In a typical four-probes architecture for FETs, two individual electrodes are deposited in the semiconductor channel area between source and drain electrodes [15] , [18] - [20] to measure the electric potential drop across the channel area. This method, which requires patterning of four electrodes, is rather time-consuming and not environmental friendly. Alternatively, other creative methods for measuring the charge carrier mobility of some organic films, by means of scanning tunneling microscope [21] , [22] or scanning Kelvin-probe force microscopy [23] , is even more inaccessible for conventionally-equipped labs. Thus, the rapid evaluation of mobility using easily-accessible setup and appropriate charge transport model, without necessarily deposition of conventional electrodes, is highly attractive.
Actually, an existing point-contact four-probes method upon directly mounting four conducting tips on material surface is being widely used for measuring electrical conductivity for materials with relatively low resistance [22] , [23] . Moreover, a four probes contact technique, which was directly modified from this method, was utilized to evaluate the field-effect behavior for silicon on insulator [24] , [25] . This is an inorganic material. However, due to the typically low mobility for organic semiconductor thin-films and tiny film thickness (usually a few tens of nanometers), it was usually believed that the electrical resistance of such thin-films is usually too high to apply such a point-contact four-probes method, even under a moderate gate voltage. In fact, the probes usually damage the underneath soft organic materials, and even though the contacts between probes and organic materials could be too loose to warrant enough charge injection and reliable potential measurements. Fortunately, in the past decades the mobility of organic semiconductor films has been greatly improved to be > 10 cm 2 V −1 s −1 [3] , [26] - [28] . The sheet resistance of the film, which depends on charge density and mobility, could be reduced to a reasonably low value under a certain range of gate voltage. In principle, this could potentially allow us to use conventional lab electric instruments and four point-contacts to inject sufficient current into the film and directly measure the potential distribution along the film, without fabrication of entire FETs via deposition of conventional source/drain electrodes. Taking this consideration into account, here, we propose a rapid approach to directly measure the mobility of semiconductor films using a point-contact four-probes method in ambient. In this work, four flexible Be-Cu tips coated with graphite powder are used as probes. As shown in Fig. 1 , probe 1 and 4 are used to supply constant channel voltage (the current is I 14 ) by Agilent B2902A, which replaces the source and drain electrodes, respectively. Note that probe 1 is grounded,
Probe 2 and 3 are used to measure the electrical point potential (V 12 and V 13 ) in the conductive channel by two independent KEITHLEY 2000, respectively. Note that V 23 = V 12 -V 13 . We use doping to reduce the contact resistance. In fact, the Eq. (13) would avoid the potential drop induced by contact resistance. In view of the equipment condition, four flexible Be-Cu tips coated with graphite powder are used as probes, which provides a possibility to be non-invasive contact. This drastically reduces the unnecessary cost and saves much time, simultaneously. Probe 5 is connected to the gate to provide V G by KEITHLEY 6517B. For the p-type FETs, |V G -V T | > |V DS | is used to make the device works well in linear region and the electrical conductance of the film is sufficient for the measurement.
II. EXPERIMENTAL
The Organic semiconductor 2,7-didodecyl [1] benzothieno [3,2-b] [1] benzothiophene (C 12 -BTBT) and the dopant hexacyano-trimethylene-cyclopropane were synthesized in our laboratory. Polystyrene (PS) (Sigma Aldrich, Inc.) was dissolved in o-dichlorobenzene with a concentration of 5 mg/ml, and the solution was spin-coated at 2000 rpm for 120 s onto the clean substrate wafers with 300 nm-thick thermal oxide layer, of which the thickness of PS measured by us is about 20nm, which is much more thinner compared to the 300 nm-thick SiO 2 layer.
where C is the capacitance per unit area of dielectric layer, ε 0 is relative dielectric constant, ε is the dielectric constant and d is the thickness. Based on the capacitance formula presented above, it's easy to know that the C PS is much larger than C SiO2 . In the architecture of OFET, the total capacitance can be approximately regarded as the C SiO2 . Subsequently, C 12 -BTBT was then thermally evaporated at a speed of 0.1 Å/s to obtain 30 nm-thick semiconductor films (under ∼6×10 −4 Pa) on the PS layer. Then the dopant was thermally evaporated at a speed of 0.1 Å/s to obtain 1 nm-thick films on the semiconductor layer (under ∼6×10 −4 Pa). The film could be used directly for mobility measurement upon point-contact four-probes method. As for control experiments, for conventional FETs, the source and drain electrodes were thermally deposited onto the doped semiconductor film in vacuum through a shadow mask, with a channel width (W) of 3000 µm and channel length (L) ranging from 50 µm to 300 µm, respectively.
III. RESULTS AND DISCUSSIONS
The transfer and output characteristics of the conventional FETs are shown in Fig. 2 
μ FET increases monotonously with the increase of |V G |(from 40 V to 70 V). Abrupt drop occurs when |V G | increases further to 80 V, which is attributed to the R C [11] , [28] , [29] .
304 VOLUME 7, 2019 Moreover, R C was measured by transfer line method [30] . Fig. 2(c) shows channel width-normalized total resistances (R TOT *W) versus channel length for various V G , where R TOT is the total resistance including R C and channel resistance. The device total resistance scales linearly with channel length. The linear dependence of the R TOT *W can be extrapolated to the y-axis intercept, which is below 1 K cm. Subsequently, based on the conventional I-V equation in linear regime, we propose a simple model to calculate the field-effect mobility according to the point-contact fourprobes architecture. Here, probe 1 and probe 4 can be seen as the source and drain electrodes, respectively, which means that the current flows in the conductive channel from probe 1 towards probe 4. Note that probe 1 is grounded, that is,
where V S and V D denotes the source and drain potential, respectively. The differential form of linear zone channel current-voltage equation can be expressed:
Neglect the second order infinitesimal:
Transform, and then:
Then, the effect of probe 1 on the two dimensional plane at any point x:
where r 1 denotes the distance between probe 1 and point x, I is the channel current. V Sx and V Dx denote the potential difference between source (probe 1)/ drain (probe 4) and planar arbitrary point x, respectively. These electrical parameter, such as point potential and current in conductive channel under different V G can be read out through the electricity meter. The effect of probe 4 on the plane at any point x is similar to Eq. (6), taking the current direction into consideration:
From Eq. (6) and Eq. (7), the synergistic effect of probe 1 (source) and probe 4 (drain) on point x can be obtained:
Here, V = V S + V D . Take infinity as potential energy zero, Eq. (8) can be then integrated to be:
Based on Eq. (9), the synergistic effect of probe 1 (source) and probe 4 (drain) on probe 2 and probe 3 can be written as:
and 
The point-contact four-probes method experiment data is shown in Fig. 3(a) . The channel current increases with the increase of -V G , whereas no obvious changes of V 23 are observed. The voltage drop in V 23 is around 10% for V D , which is a reasonable value because at high gate-voltage and low drain-voltage, most of the potential drop is around probe 1 and probe 4, as simulated in Fig. 3(c) . These potential drops are not due to the contact resistances, because the contact area of the tip is small and thus the resistance of the film around the tips are high.
C 12 -BTBT is chosen as our semiconducting material for its high mobility performance with excellent air stability. However, the film prepared by us is polycrystalline [7] , which leads to a dispersive voltage drop of V 23 for different numbers of grain boundaries between probe 1 and probe 4 in every measurement. Therefore, the result seems noisy, but it is indeed due to the morphological dispersity. Actually, the contact resistance is lowered by doping. In addition, the μ PFP is approaching to μ FET as they are at least in the same order of magnitude, which is indirectly proves the certain reliability of V 23 .
The conductivity of the materials is proportional to mobility and charge density. In our manuscript, we use highmobility organic semiconductor C 12 -BTBT in combination with strong dopant hexacyano-trimethylene-cyclopropane, the latter of which is known to be among the most efficient organic dopants for organic semiconductors. The LUMO level of hexacyano-trimethylene-cyclopropane is much lower than that of the well-known dopant F 4 TCNQ [31] . Therefore, the doping could induce sufficient charge density to guarantee low resistance for the measurement, especially at high -V G . In our measurements, due to the size of the contact area of tips is about 0.3mm, the resistance between tips could easily reach less than M once the gate voltage is high enough.
While we do not claim that our method could be used for every organic semiconductor, what we believe is that our method is available for high-mobility materials especially at high gate-voltage because in such cases the resistances of films are low enough. Fortunately, in the community of organic electronics, currently more and more high-mobility materials have been developed, which are attracting more attention than low-mobility materials. Consequently, we are very confident that our method could warrant its application in near future.
The dependence of mobility μ PFP on gate-voltage is obtained [see Fig. 3(b) ], which shows that the μ TFT and the μ PFP don't match well. Possible reasons are as follows. First, the two charge carrier mobilities are obtained from two different models, of which are based on different assumptions. That is, μ TFT is derived from parallel plate capacitor model, whereas, μ PFP is based on point charge model. Due to tail states, the increase of μ PFP with V G is found. To simplify the equation, location independent μ PFP is assumed. In addition, the golden electrodes and Be-Cu coated with graphite powder is different, which may result in different mobilities. However, we can see that the μ PFP is at least in the same order of magnitude with μ FET . Note that the μ PFP is obtained from Eq. (13) . Besides, the sudden decrease of field-effect mobility with a further increase of -V G (approximately from -70 V to -80 V) is not present, which may indirectly prove that the negative impact caused by contact resistance can be effectively eliminated by using point-contact four-probes method. Moreover, suppose the equal distance between the four probes, that is, r 12 = r 43 , r 42 = r 13 , r 42 = 2r 12 . Meanwhile, V 12 (V 13 ) is much smaller than -V G under a high gate bias (> -40 V), the Eq. (13) can be simplified as:
We can evaluate the field-effect mobility roughly from Eq. (14), which shows a rapid and reliable evaluation. The simple experimental setup and Eq. (14) is practically applicable for rapid evaluation of mobility of organic semiconductor thin films. From Eq. (9), the equation for contour on the twodimensional plane:
where (x, y) denotes the coordinate of arbitrary point in this plane, (x 1 , y 1 ) and (x 4 , y 4 ) represents the coordinate of point 1 and 4, respectively. The potential distribution and current density streamlines in OFETs are obtained from a two-dimensional finite element analysis by solving Eq. (15) according to the experiment data [see Fig. 3(c) ]. The current density is the highest near the region of point 1 and 4, and decreases as the current path lengthens, as is shown in Fig. 3(d) . As can be seen from this image, the current passes perpendicularly through the symmetry axis of the two current probes (probe 1 and probe 4) in this geometry. In this case, as represented in the simulation of Fig. 3(c) and Fig. 3(d) , the potential linearly drops when current flows from probe 1 to 4. The scale bar is 100 μm long. Although four-probe method, which was directly modified from the method widely used for four-probes electrical conductivity measurement, has been used to evaluate the field-effect behavior in inorganic material [24] , [25] . Our numerical derivation, as shown in detail in Eq. (3)- (13) , represents a more universal treatment. Upon simulating the electrical potential and current distribution contours 306 VOLUME 7, 2019 ( Fig. 3(c)-(d) ), we show that various of measurement architectures could be available for different cases, that is, the four-probes are not necessarily aligned within a line but could be mounted in other places on the film plane to measure the potential evolution. Our method, for the first time, proves that rapid evaluation of field-effect mobility of organic semiconductors is possible by four-probes method. From the material point of view, organic semiconductors are featured with noncovalent interactions between molecules, leading to a different charge transport scenario from that in inorganic materials. As the mobility of increasing organic semiconductor films has been greatly improved over 10 cm 2 V −1 s −1 , our method could be widely used in this community.
In fact, the field-effect mobility of organic semiconductors is frequently gate-voltage-dependent, and usually shows a bislope feature [3] , [12] , [13] , [19] , which is different from the charge transport in inorganic materials. As shown in the experimental results [ Fig. 3(b) ], the field-effect mobility of BTBT measured by our method monotonically increases with gate-voltage, and does not demonstrate bislope behavior. This implies that the bislope behavior of field-effect mobility commonly observed in real transistors is due to the gate-voltage-dependent contact resistance.
IV. CONCLUSION
In this work, a fast and easily-accessible method is proposed to directly measure the charge carrier mobility of organic semiconductor thin film. The four tip-like probes are simply mounted onto the semiconductor film surface directly to form four point-contacts, without deposition of extra source/drain electrodes. Unlike the conventionally patterned source/drain electrodes, the tip-like probes are not disposable materials and thus could be repeatedly used for many other measurements. We focus on estimating mobility organic semiconducting films that is at least in the same order of magnitude with μ FET by using a faster and affordable alternative to methods like STM and kelvin-probe microscopy. This method, with easily-accessible setup and convincing numerical model, substantially accelerates the evaluation of μ PFP , and thus could be widely used to screen materials and optimize film morphology for organic FETs applications.
